Objective: To evaluate interictal, circulating sphingolipids in women migraineurs.
lipids function as second messengers in a multitude of cellular processes regulating energy homeostasis, apoptosis, and inflammation. [7] [8] [9] Neurologic disorders that are the result of severe deficiencies in enzymes that regulate sphingolipid metabolism have long been described (e.g., Gaucher disease). 10 Recent human research suggests that even subtle changes of sphingolipid balance may be involved in neurologic disorders (e.g., dementia, multiple sclerosis) and obesity. [11] [12] [13] [14] Furthermore, emerging basic science evidence suggests that sphingolipids may participate in neuronal functions and signaling pathways associated with pain. 9, 15, 16 Recently, we provided evidence that bioactive products of adipose tissue (e.g., adiponectin) are also associated with migraine, suggesting that alterations in lipid metabolism may be linked to a more generalized inflammatory response. 6, 17 Based on the data that the metabolism of the bioactive sphingolipid, ceramide, is regulated by adipokines, 18, 19 inflammation, 20, 21 obesity, 22, 23 and insulin resistance, 24, 25 we hypothesized that circulating ceramide levels would be decreased and downstream sphingolipid levels (e.g., sphingosine-1-phosphate [S1P]) increased in women with episodic migraine (EM).
METHODS Participants. A total of 88 women were recruited between December 2009 and March 2014 from Drexel University College of Medicine, the University of Toledo, and The Johns Hopkins University School of Medicine. Women were eligible for the study if they were aged 18 years or older, had a diagnosis fulfilling the International Classification of Headache Disorders, 2nd edition, for migraine as determined by a headache specialist or were nonpain, nonheadache controls. 26 In addition, migraine subgroups were characterized based on aura status. Participants with migraine with aura alone or in conjunction with migraine without aura were classified as having aura. Participants with diabetes, chronic immune or inflammatory disorders, thyroid, renal, or cerebrovascular disease, and chronic pain other than migraine were excluded.
All participants underwent vital sign evaluations including body mass index (BMI) and a neurologic examination and completed a standardized questionnaire to ascertain demographics (e.g., age, sex), medical and headache characteristics including disability evaluated using the Headache Impact Test-6 (HIT-6), and comorbidities such as depression evaluated using the Patient Health Questionnaire-9 (PHQ-9) as described below. Fasting serum blood samples were collected in all participants. Participants with EM were required to have no changes in daily medications within 4 weeks and to be pain-free for 24 hours at the time of the blood draw.
Standard protocol approvals, registrations, and patient consents. The study protocol was approved by institutional review boards at each institution. Written informed consent was obtained from all participants.
HIT-6. The HIT-6 is a validated questionnaire that consists of 6 items covering various areas that reflect quality of life. 27 Higher scores (range of 36-78) indicate an increasing impact of headaches on daily functioning. PHQ-9. The PHQ-9 is a diagnostic measure for current depression. 27 Previous research has shown that a score of $15 on the PHQ-9 is associated with a 68% sensitivity and 95% specificity for diagnosing "major depressive disorder" using the DSM-IV criteria; thus, depression was classified as a PHQ-9 score $15.
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Anthropometrics. Height was measured to the nearest 0.5 in with a stadiometer. Weight was measured with a standard scale to the nearest 0.5 lb. BMI was then calculated.
Laboratory methods. Blood was collected in BD serum tubes with no additives (Becton Dickinson, Franklin Lakes, NJ), chilled on ice, centrifuged to remove cells, aliquoted, and stored at 280°C until assayed.
Routine labs. Glucose, insulin, total cholesterol, high-density lipoprotein, calculated low-density lipoprotein, and triglycerides were evaluated using standard techniques in hospital core labs at each study site.
Sample preparation and sphingolipidomic analysis. A modified Bligh and Dyer liquid-liquid extraction method was used for the extraction of total lipids from the serum as previously described. 12, 29 Sphingolipid analysis was conducted using high-pressure liquid chromatography coupled with electrospray ionization tandem mass spectrometry (API3000s; AB SCIEX Inc., Toronto, Canada) using methods similar to those previously described. 12, 29 Individual species of dihydroceramide (DHC), ceramide, monohexosylceramide (MHC), dihexosylceramide, and sphingomyelin (SM) (C16:0-C26:1) were separated by gradient elution using a C18 reversephase column (Phenomenex, Torrance, CA). The eluted sample was injected into the ion source, and the detection and quantitation of each sphingolipid species was performed by electrospray ionization tandem mass spectrometry by multiple reaction monitoring. Instrument control was performed using Analyst 1.4.2 (AB SCIEX Inc.). Concentrations were calculated by fitting sample data to 8-point calibration standard curves as previously described. 12, 29 Outcomes. Primary outcomes included (1) the odds of migraine per SD increase in each sphingolipid serum concentration and (2) the potential of sphingolipid concentrations to classify those with migraine vs controls.
Statistical analyses. Continuous variables were summarized as mean (SD) and categorical variables as count (percent). Differences between migraineurs and controls were evaluated using t tests and x 2 tests. The relationships between the plasma sphingolipids and EM were examined using multiple methods, including logistic regression, orthogonal partial least square discriminant analysis, and a nonparametric machine learning approach of random forest to ascertain consistency of results in the first analysis of this relationship. We first utilized logistic regression to examine the relationship between the sphingolipids, per SD increase, and odds of having EM. We adjusted for potential confounders of migraine and ceramide metabolism including age, BMI, and total cholesterol. In addition, we adjusted for marital status given the significant difference across migraineurs and controls. As we examined 40 sphingolipid species, we used Bonferroni correction and only considered the group differences with p # 0.001 as being significant. These analyses were conducted using STATA version 12.1 (StataCorp, College Station, TX).
Next, differential expression of lipid species was analyzed by hierarchical clustering of the log 2 values, and displayed in a heatmap. Clustering was performed using the "pheatmap" package in Table 2 Crude, circulating sphingolipid levels (ng/mL) in women with EM and nonpain controls 30 A model is considered significant if the q 2 is greater than 0.4. Lastly, we used the nonparametric machine learning approach of random forest to classify EM by defining serum concentrations of particular sphingolipid species that best described separation between the control and EM groups. Ten thousand individual decision trees were generated and then combined into one overall model using the TreeBagger function (MATLAB 2014b; MathWorks, Natick, MA). The overall model was validated by fitting a random selection of 6 control and 8 EM samples that were not used in the initial model building, back into the model. RESULTS Participants. A total of 88 women (52 with EM, 36 controls) were included in the analyses. The mean age of those with migraine was 33.4 (8.0) years with a range of 20 to 50 years and controls had a mean age of 30.9 (8.5) years with a range of 18 to 46 years (p 5 0.156). Women with migraine were more likely to be divorced, separated, or widowed as compared with controls (table 1) . However, there were no significant group differences in other demographic factors or health characteristics, including BMI, serum glucose, insulin, total cholesterol, triglycerides, high-density lipoprotein, and calculated lowdensity lipoprotein. Of the 52 participants with migraine, the mean (SD) monthly headache frequency was 5.6 (3.1) headache days per month, with a mean (SD) disability (HIT-6) score of 62.9 (7.8). Aura was reported by 25 (48%) of the participants with migraine (table 1) .
Reduced very long chain ceramides and increased long chain sphingomyelins are associated with migraine. We analyzed 40 individual sphingolipid species related to the bidirectional metabolism of SM to ceramide, and S1P to ceramide (figure e-1 on the Neurology ® Web site at Neurology.org). There was no association between any of the LacCer species with migraine (tables 2 and 3).
Although crude total SM was not associated with migraine, mean levels of the long chain SM species C18:0 and C18:1 were higher in those with migraine as compared with controls (table 2) . Using multivariate logistic regression, SM C18:0 (OR 4.28; 95% CI: 1.87, 9.81; p 5 0.001) and C18:1 (OR 2.93; 95% CI: 1.55, 5.54; p 5 0.001) were associated with more than 2.5-fold increased odds of migraine for each 1-SD increase in each SM species. DHSM and S1P levels were not associated with EM (tables 2 and 3). None of the sphingolipid concentrations differed with headache frequency or across migraine subgroups of those with vs without aura.
Identification of the sphingolipid cluster that best separates EM and controls. Following use of the logistic regression models to determine which individual sphingolipids were most associated with EM, we next evaluated which cluster of sphingolipids best separated those individuals with EM from controls using an OPLS-DA. OPLS-DA modeling showed a clear separation (q 2 5 0.59) between patients with EM and controls ( figure 1A) . We then used a hierarchical clustering analysis to identify which group of sphingolipids drove these group separations. Results of these analyses were consistent with primary findings from the logistic regression analyses. Specifically, EM was associated with decreased concentrations in 13 sphingolipids that included 3 very long chain MHCs (C24:0, C24:1, and C26:0), 3 very long chain ceramides (C22:1, C24:0, C26:0), 3 long chain ceramides (C16:0, C:20:0, C20:1), 2 DHCs (C22:0, 24:0), 1 DHSM (C22:0), and 1 SM (C20:0). These were accompanied by increases in 7 sphingolipids that Table 2 Continued DISCUSSION We conducted an interictal, lipidomic analysis of circulating sphingolipids and sphingolipid metabolites in a cohort of women with EM as compared with healthy, nonpain controls. Only one previous study has evaluated any circulating sphingolipids in patients with headache disorders. 31 In this prior study, and in agreement with our present findings, no difference in interictal total sphingomyelin levels was found in 7 patients who had migraine without aura compared with 10 controls. However, in contrast to the current study, none of the individual sphingomyelin species or other sphingolipids included in our current study were evaluated. 31 In addition, although data from experimental systems support a role for ceramides in nociceptive processing, 9,15,16,32 no previous study has evaluated the relationship between circulating total or individual species of ceramides and its metabolites (DHC, MHC, DHMHC, LacCer, DHDHC, and S1P) in human participants with any headache disorder, including migraine.
Our cross-sectional study has 3 primary findings. First, we found that serum levels of total ceramide and its precursor, DHC, were decreased in women episodic migraineurs as compared to controls. These changes were largely driven by reductions in the very long chain ceramides (ceramide C24:0, DHC C24:0, and MHC C26:0) and remained significant even after controlling for covariates (including BMI and cholesterol) and multiple comparisons. Second, we found increased levels of very long chain sphingomyelin species C18:0 and C18:1 in those with migraine. Notably, the primary changes in sphingolipids were consistent with both logistic regression and hierarchical clustering analyses. These findings suggest that migraineurs have decreased de novo synthesis of ceramides as well as an independent downstream increase in the conversion of ceramide metabolic products (e.g., sphingomyelin).
Finally, we demonstrated that a forest model decision tree, based on the concentrations of a panel of sphingolipids, was able to correctly differentiate those women with migraine from controls in a small subset of participants (n 5 14). While this finding should be cautiously interpreted given the small sample size, it suggests that sphingolipid panels may have the potential to be utilized as a migraine diagnostic tool. However, additional research is needed to both validate and build on these initial findings before we will be able to determine this.
Ceramides are important lipid mediators that serve as signaling molecules capable of regulating multiple cellular functions including apoptosis, atherosclerosis, insulin resistance, and inflammation. 33, 34 Ceramides are generated either de novo (starting with the condensation of palmitoyl-CoA with serine) or through hydrolysis (breakdown) of sphingomyelin and other sphingolipids (e.g., monohexylceramides such as glucosylceramide and galactosylceramide) 20 (figure e-1). While the current study was not able to determine mechanisms for the association of low total ceramides and DHC with migraine, there are several possibilities. First, it is possible that an upstream mediator stimulates ceramide catabolism to a greater extent in those with migraine than in controls. Animal data in mice have demonstrated that adiponectin potently stimulates ceramidase activity, resulting in decreased ceramide levels. 19 In addition, the administration of recombinant adiponectin to mice has been shown to universally decrease all hepatic ceramide and DHC species. 19 Given previous human research that supports that adiponectin is increased in those with migraine, 6, 35, 36 it is possible that adiponectin could be one such upstream mediator stimulating ceramide catabolism in migraineurs. Future studies are warranted to test this hypothesis.
Second, it is possible that alterations in enzymatic activity of sphingolipid hydrolysis or phosphorylation contributed to our findings of low total ceramide and DHC in migraineurs. One such example would be if there was an increase in enzymatic activity of sphingomyelin synthase, it would be possible that sphingomyelin levels would be increased and ceramide levels decreased. 20 Consistent with this hypothesis, in the current study, along with the decreased total ceramide, at least 2 individual sphingomyelin species (C18:0, C18:1) were increased.
Another possibility that could be consistent with our finding of low total ceramide and DHC would be an increase in ceramide kinase activity in those with migraine. In such a case, it could be hypothesized that increases in ceramide kinase activity would be associated with an increase in the proinflammatory ceramide metabolite ceramide-1-phosphate (C1P) (figure e-1). [37] [38] [39] This hypothesis is particularly attractive given that C1P activation is associated with activation of several processes implicated in migraine pathophysiology, including arachidonic acid release, increases in prostaglandin E 2 , and macrophage chemotaxis. 20 Although we were not able to evaluate C1P levels in the current study, the lack of differences in total DHSM, sphingomyelin, LacCer, or S1P (ceramide metabolites) in migraineurs as compared with controls in the current study would be compatible with such a hypothesis. Finally, it is possible that the alterations in sphingolipids in our current study may reflect chronic activation of a compensatory system in the face of repetitive and chronically increased neurogenic inflammation.
There are several limitations of our study that warrant consideration. First, although our EM and control groups were carefully characterized and described, our sample size was relatively small. Larger confirmatory studies to validate these initial findings are needed. In addition, because we did not include those with chronic migraine in this study, our findings are limited to individuals with EM. This study was also not designed to capture differences across the menstrual cycle; thus, we are unable to determine whether differences in sphingolipids in women migraineurs are present in the luteal vs the follicular phase. Finally, although we were able to evaluate several targeted sphingolipids and sphingolipid metabolites, we did not attempt to evaluate all ceramide precursors and metabolites or to evaluate any of the enzymes that participate in ceramide anabolism and catabolism. Future studies evaluating potential upstream sphingolipid mediators (e.g., adiponectin), sphingolipid enzymes, as well as targeted downstream metabolites (e.g., C1P), and their association with migraine are warranted.
Taken together, our findings suggest it is possible that migraine is a neurologic disorder of "minor" sphingolipid dysmetabolism. Further research, validating the ceramide and sphingomyelin associations with migraine, as well as research examining mechanisms for these associations, may advance our understanding of migraine pathophysiology and open possibilities of the identification of novel migraine biomarkers and targeted drug therapies directed against sphingolipid pathways.
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